Creative Commons Attribution-Noncommercial-Share Alike ABSTRACT We investigated the release of octadecyl rhodamine B chloride (R 18 ) loaded onto cetyltrimethylammonium bromide (CTAB) coated gold nanorods (NR) by pulsed ultrafast laser excitation. R 18 intercalates into the hydrophobic CTAB bilayer on the NR surface and can exchange on and off the NR with free CTAB micelles in solution. We find that laser excitation accelerates the rate of both R 18 release from the NR and R 18 binding to the NR with increasing fluence. However, at laser fluences > 220 μJ/cm 2 thermal degradation of the R 18 dominates. We also find that the concentration of CTAB, particularly around the critical micelle concentration, strongly influences the release and binding rates.
INTRODUCTION
Due to their unique optical properties, Au nanorods (NRs) are attractive for applications such as delivery, [1] [2] [3] [4] [5] surface enhanced Raman spectroscopy (SERS) substrates, 6, 7 and tumor ablation. 8, 9 Because the synthesis conditions tune the NR aspect ratio 10 and subsequently the wavelength of the longitudinal surface plasmon resonance (SPR), [11] [12] [13] NRs can be synthesized such that they absorb in the near infrared where water and tissue do not absorb light strongly. 14 Because the SPR is specific to the NRs, ps-and fs-pulsed laser excitation at the SPR specifically heats Au NRs and not the surroundings. 11, 15, 16 Consequently, NRs have been used for applications such as photothermal cancer therapy, 17 triggered delivery, [1] [2] [3] [4] [5] and targeted destruction of microorganisms. 18, 19 NR-mediated delivery is achieved by exciting the NR at the longitudinal SPR with ultrafast laser excitation. This specifically heats the NR, resulting in release of a payload that is either conjugated or adsorbed to the NR while leaving the surroundings unaffected. [1] [2] [3] [4] [5] Because biomolecules are sensitive to heat and prone to denaturation, particularly on nanoparticle surfaces, 20 the heat from NR ablation or melting may permanently damage the released species, substantially reducing delivery yield.
Temperature increases of the NR upon absorption of ultrafast pulsed laser irradiation in the current state of the art release studies have been estimated to be ~100-1000 °C, [21] [22] [23] either limiting the payload to molecules robust enough to withstand these conditions or accepting a low delivery yield. Therefore, determining laser fluence limits for release while minimizing thermal degradation is desirable. In addition, the surface chemistry of the NR can affect release.
Cetyltrimethylammonium bromide (CTAB), the ligand that is required for NR synthesis, 24 is amphiphilic and forms a bilayer on the NR. CTAB comes on and off the NR surface, so the CTAB concentration most likely plays a role in release. Furthermore, the CTAB bilayer is known to affect the local thermal confinement of the NR upon laser excitation, 15, 25 which could also influence release.
Therefore, the CTAB layer's effect on release also needs to be determined.
Here, we demonstrate that the release of a small molecule from NRs by ultrafast laser excitation, though complex, can be controlled through an understanding of the physical and practical limits on the critical release parameters. We discuss the mechanism, thermodynamics and kinetics of release. This document reports the release of octadecyl rhodamine B chloride (R 18 ) from Au NRs using ultrafastpulsed laser excitation (Scheme 1). We quantify the R 18 release rate as a function of laser fluence and CTAB concentration, and determine ranges of laser fluence that limit thermal degradation. Additionally, we describe how the release mechanism involves exchange of the R 18 between the CTAB layer on the NR surface and free CTAB micelles.
MATERIALS AND METHODS

NR synthesis
Au NRs were synthesized in 50 mL batches using the non-seeding method. 26 46 mL of 162 mM hexadecyltrimethylammonium bromide (CTAB) were added to 1.125 mL of 100 mM NaCl. 900 μL of 50 mM Au (III) chloride trihydrate (HAuCl 4 ·3H 2 O) and 675 μL of 10 mM silver nitrate (AgNO 3 ) were added, which turned the solution yellow-brown. After light agitation, 900 μL of 100 mM L-ascorbic acid (AA) were added, which turned the solution clear after ~30 s of agitation by inversion. 32 μL of 3.125 mM sodium borohydride (NaBH 4 ) were added, and the solution was agitated by inversion for ~30 s. The solution was left at room temperature for >3 h while it turned deep purple/brown. All chemicals used were obtained from Sigma-Aldrich, Inc. and used as supplied.
NRs were washed and concentrated by centrifugation for a time and speed dependent on the size of the sample, i.e. 15 min and 10,000 relative centrifugal force for a 1.5 mL solution. After centrifugation, the supernatant was removed and replaced with 1 mM CTAB. NRs were washed 3× to remove excess reagents. The NR solution was stored at 100 nM in 1 mM CTAB.
NR characterization
NR samples were prepared for transmission electron microscopy (TEM, JEOL 200CX) by drying ~15
μL of 100 nM Au NR solution on a copper grid with a carbon film (Ted Pella). >1400 NRs from five images were sized with ImageJ version 1.37. 27 Synthesis yield is calculated by dividing the number of NRs by the total number of nanoparticles (rods and spheres 
Laser irradiation
Laser induced release: 13 μL of 10 nM R 18 loaded NR stock were added to 104 μL of water. 13 μL of 100 mM CTAB was added to raise the CTAB concentration to 10 mM. A 65 μL aliquot of the sample was set aside at room temperature. The remaining 65 μL aliquot was placed in a 3 mm × 3 mm cuvette at the center of a 10 mm diameter laser spot. It was exposed to 60 -1200 s of pulsed laser irradiation.
Immediately after exposure, both aliquots were centrifuged to separate the NRs from the released R 18 .
The supernatant and precipitate from both aliquots were saved for analysis.
To generate the ultrafast pulsed laser irradiation, the 82 MHz output from a Ti:sapphire oscillator (Tsunami, Spectra-Physics) was amplified by a Ti:sapphire regenerative amplifier (Spitfire, SpectraPhysics) to produce 100 fs full width at half max, λ = 792 nm ( Figure 1c ) pulses at 1 kHz. The oscillator was pumped with a continuous wave 532 nm (Millennia, Spectra-Physics) laser and the amplifier was pumped with 1 kHz, 527 nm ns pulses (Empower, Spectra-Physics). The laser power was varied from 20 to 100 mW, which resulted in the fluence varying from 110 to 550 μJ/cm 2 .
Laser accelerated loading: The procedure was identical to laser induced release, except that the sample consisted of 1.3 μL of 100 nM NRs added to 130 μL of a 150 nM R 18 and 1 mM CTAB solution. All further processing of the sample was identical to the laser induced release procedure.
Water bath heating
Water bath induced release: The procedure was identical to the laser induced release procedure, except that one aliquot was heated in a water bath instead of being exposed to laser irradiation.
Water bath accelerated loading: The procedure was identical to water bath induced release except that the sample consisted of a 1.3 μL aliquot 100 nM Au NR stock added to 130 μL of a 150 nM R 18 1 mM CTAB solution.
Fluorescence spectroscopy
Fluorescence spectroscopy (HORIBA Jobin Yvon FluoroMax 3) of the supernatant was used to quantify the R 18 released per NR for each sample. Fluorescence spectra of the sample supernatants diluted in 10 mM CTAB to 130 μL were taken, after NR separation, at λ excitation = 559 nm with slit sizes of 2 nm about the excitation and emission wavelengths in a 3 mm × 3 mm cuvette. The fluorescence intensity of the unexposed, room-temperature aliquot was subtracted from the exposed aliquot yielding the change in supernatant intensity, and subsequently the change in concentration of R 18 associated with CTAB micelles. Because the room temperature release rate was slow compared to the laser irradiated and water bath release rates, we assume that the room temperature release rate is negligible over the course of our experiments. Thus, the change in the number of R 18 molecules associated with CTAB micelles per NR equals the number of R 18 molecules released per NR. The rate of R 18 release is found by calculating the slope of the R 18 released vs time data. The rate of release, in (R 18 /(NR⋅s)), can be converted to release per pulse by dividing by the repetition rate of the laser (1 kHz). This also represents the probability of releasing an R 18 molecule with a single pulse, or the average number of R 18 molecules released per NR per pulse.
Solvent heating experiments
A K-type thermocouple was used to monitor the temperature of laser irradiated NR and solvent control samples. Since water does not absorb strongly at 792 nm, the temperature rise of the control solution is attributable to the thermocouple directly absorbing the laser. The bulk temperature rise due to the NRs was calculated by subtracting the temperature measured in the control solution from the NR solution.
RESULTS AND DISCUSSION
Characterization of NRs
The 
Pulsed laser irradiation accelerates R 18 release
We excited R 18 loaded NRs with pulsed laser irradiation and quantified the amount of R 18 However, under higher laser fluences of 330, 440, and 550 μJ/cm 2 (green, orange, and red lines, respectively), the ΔI decreased. A shift of the peak fluorescence from 583 nm to 575 nm accompanied the increase in laser fluence.
We calculated the R 18 release rate from the initial slope of the R 18, released vs laser irradiation time (Figure 2b ). At 110 μJ/cm 2 ( Figure 2b , purple diamonds) the release rate was low, 0.006 ± 0.009 resulted in an insignificant amount of apparent release.
These results indicate that the fs-pulsed laser irradiation of R 18 loaded NRs accelerates the apparent release rate of R 18 . The apparent release rate increases with laser fluence until 220 μJ/cm 2 , after which it begins to decrease. We hypothesize that at fluences > 220 μJ/cm 2 , the apparent release rate decrease is due to thermal degradation of the R 18 while the actual release rate is probably increasing. Thus, we refer to the observable release rate as the apparent release rate. Further evidence of degradation is in the fluorescence intensity peak shift (Figure 2a ) of the R 18 at the high laser fluences.
The spread in the apparent release rate data represents the standard error weighted by the standard deviations of each individual data point. Thus, despite the wide error bars shown in Figure 2b , we have greater than 85% statistical confidence (Student's t-test) in the increased apparent release rate between 110 and 220 μJ/cm 2 . However, since the apparent release rate values are very sensitive to the released molecule (R 18 ) and all the experimental and laser parameters, we suggest the general trend is more important than the actual values. This trend is apparent in data in Figure 2b , and it is reflected in the raw fluorescence data taken across all similar experiments (see Supporting Information).
With all the parameters as specified above, the optimal apparent release rate is 0.028 (R 18 /(NR⋅s)).
Given a 1 kHz laser repetition rate, the probability of releasing an R 18 from a NR with any given pulse is 2.8 × 10 -5 . This suggests that the apparent release rate can be doubled by doubling the repetition rate of the laser to 2 kHz while keeping all the other parameters constant.
Controls on the release of R 18
We tested if the bulk temperature rise of the solution upon laser irradiation was responsible for the apparent R 18 release rates. We measured the temperature rise of a 1 nM NR solution when irradiated at 330 μJ/cm 2 to be ΔT = ~0.7 °C (Figure 3a) . To determine if this temperature rise can explain the observed R 18 release, we heated an aliquot of an R 18 loaded NR sample to 30 °C (ΔT = 7 °C) in a water bath and quantified the R 18 release. The fluorescence intensity of the heated aliquot (dots, Figure 3b) was the same as the unheated aliquot (line). This suggests that the increased apparent release rate is due to spatially confined temperature effects at the NR specific to ultrafast laser irradiation, not direct solvent heating by the laser.
We also explored whether laser irradiation of the R 18 can explain the apparent R 18 release rates.
Irradiation of R 18 associated with CTAB micelles with a fluence of 550 μJ/cm 2 did not change the fluorescence intensity (Supporting Information). This suggests that the changes in R 18 fluorescence intensity observed during R 18 release are specific to excitation of the NR.
Finally, we explored whether the apparent R 18 release rate is dependent on the aspect ratio of the NRs.
Laser irradiation did not accelerate the apparent release rate of R 18 from smaller aspect ratio NRs, whose longitudinal SPR absorption peak of 639 nm does not overlap the laser excitation (Supporting Information). This suggests that the increased apparent release rate is specific to NRs that have their longitudinal SPR tuned to the spectral output of the laser.
Exchange Mechanism
Because CTAB is amphiphilic and fluxional, it forms a bilayer at the NR-solvent interface. 10 CTAB exchanges from the bilayer on the NR surface to the solution, where it exists as isolated molecules or forms micelles. Because R 18 is also amphiphilic, it exchanges from the CTAB bilayer on the NR surface to the solution, where a CTAB micelle stabilizes it (Scheme 1). Similar exchange mechanisms have been observed for other hydrophobic dyes interspersed in sodium dodecyl sulfate (SDS) and Triton X-100 micelles. 32 Because R 18 is minimally soluble in water, it has a strong tendency to intercalate into a CTAB micelle. Fluorescence spectroscopy showed that R 18 was not fluorescent at low concentration of CTAB ( Figure 4 ) and that the fluorescence intensity of R 18 
where n is CTAB's aggregation number and [CTAB] is the concentration of CTAB.
CTAB influences the binding and release of R 18
The details of the exchange mechanism have important consequences. Given that the cmc ~1.2 mM and n ~20, 33 We compared the rate of release of water bath heated and laser-irradiated samples. We found that the maximum apparent release rate (0.032 R 18 /(NR·s) for 220 μJ/cm 2 laser fluence) for specific, local heating using fs pulsed laser irradiation before the effects of NR melting dominated corresponded to bulk sample heating using a water bath temperature between 40 and 50 °C.
Pulsed laser irradiation accelerates R 18 binding
That the binding rate increases with water bath temperature suggests that laser irradiation can accelerate not only the rate of release but also the reverse reaction, binding to the NRs. We introduced 1 (Table 1) . However, higher fluence (440 μJ/cm 2 , orange squares) did not increase the rate further. This behavior is similar to other laser irradiated samples at high fluence ( Figure 2 ) and can be attributed to R 18 thermal degradation.
Excess CTAB inhibits laser induced R 18 binding
[CTAB] plays a key role in optimizing release and binding. is critical for controlling release.
NR melting correlates to the upper limits of laser accelerated release
Ultrafast-pulsed laser irradiation can melt Au NRs. Because the longitudinal SPR is a strong function of NR AR, 11 it can be used to monitor the onset of melting as a function of laser fluence 3, 35, 36 (Figure 7 ).
The SPR peak position (inset) shifted under laser fluence as low as 220 μJ/cm 2 , indicating the onset of melting. This coincides with the transition between an accelerated and decelerated exchange rate, suggesting that the observed decelerated exchange rate is primarily due to thermal degradation.
Therefore, the fluence of 220 μJ/cm 2 maximizes the apparent release rate while minimizing R 18 and NR destruction. These results emphasize the importance of ligand surface chemistry and laser fluence on release rates.
They have important implications for using ultrafast laser irradiation of NRs to deliver a broad range of molecules. Because laser-induced release from NRs is complex and involves multiple processes, future studies will examine how these processes independently influence release and binding rates.
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